As-S-Se chalcogenide thin films are successfully employed in classical and dot-matrix holography as inorganic photoresists for obtaining a relief-phase hologram. However using these films for image-matrix hologram recording has not been studied due to some features of image-matrix technology. For the applied research of the optical properties of As-S-Se films an experimental device of digital image-matrix holographic recording based on 100 mW 405 nm semi-conductor laser and Spatial Light Modulator (SLM) has been created. The device has the following main parameters: 140 × 105 µm frame size; laser intensity during exposure 10 W/cm 2 . With the help of this device diffraction grating and security holograms were recorded on As-S-Se thin films. The work reported herein presents results of an experimental study of how diffraction efficiency (DE) of the received relief-phase holographic gratings depends on an exposure and period. Diffraction grating profiles and speed of etching corresponding to different exposure doses are shown. Hologram samples with DE = 65% have been received which allows for using chalcogenide film as alternative to organic photoresists in applied dot-matrix and image-matrix holography. 
Introduction
After the invention of holography and development of hologram micro-embossing, mass replication of holograms became possible. The possibility of using holograms as a * E-mail: bulanov@inbox.lv security option for valuable documents and products was soon realized and holograms won a large-scale application as a security element, however, this did not hinder development of other security features. A great variety of other diffractive microstructures commonly named as diffractive optically variable image devices (DOVID) have been developed. Two technologies for digital recording of protection holograms and DOVID, having the similar principle of image formation, are widely used: dot-matrix and image-matrix holographic recordings [1] [2] [3] 1 . A dotmatrix hologram consists of an array of fine diffractive dots holding an image together (Fig. 1a) . Each dot in such a hologram consists of a uniform diffraction pattern in which the grating pitch and grating orientation may vary from dot to dot. In contrast, an image-oriented hologram is composed of an array of microscopic images (Fig. 1b, 2) . Positive organic photoresists are conventionally used in both technologies for receiving relief-phase holograms. The formation of surface relief in the process of selective dissolution of amorphous chalcodenide films is well known. The phenomenon is based on the difference in dissolution rate of the exposed and unexposed surface areas of chalcogenide film surface in alkali developers [4] [5] [6] 1 .
This phenomenon of photo-induced changes in the dissolution rate of a large group of amorphous chalcogenide semiconductor films was the basis for extensive development of a new class of inorganic resists. Amorphous As-S-Se films have recently been used as a promising material for holography in the visible spectrum (λ 650 nm) with high resolution (> 5000 lines/mm) and light sensitivity in the range 1 − 10 J/cm 2 [7] [8] [9] .
Successful results of recording holograms on As-S-Se films have long been known. Photoresists based on amor- phous chalcogenide films are effectively employed by some holographic companies in the production of rainbow holograms and dot-matrix holograms. However the use of these films for recording image-matrix holograms has not yet been studied. There seem to be two main reasons for this. Firstly, As-S-Se films have a low sensitivity (∼ 1 − 10 J/cm 2 ) in comparison with organic photoresists (∼ 1 − 100 mJ/cm 2 ). Secondly, image-matrix technologies of holograms recording result in great losses of laser radiation energy (up to 99%) at optical and Fourier fil-trations. To overcome these problems in recording imagematrix holograms a device specially adapted for the use of As-S-Se films has been developed. Optimum modes of optical recording are investigated and relief-phase holograms with high diffraction efficiency (DE) were received by means of the created device. Another positive result was that the recording time for holograms on As-S-Se based photoresist has appeared comparable to the time of recording on organic materials, only 1.5 times longer than the latter.
The work reported herein presents data of experimental recording relief-phase image-matrix holograms on thin As-S-Se chalcogenide thin films (Fig. 2) . The obtained holograms are suitable for duplicating by standard modern technologies.
Experiment details
As-S-Se films were obtained by thermal evaporation of the bulk substance onto BK-7 3 × 3 inch glass substrates in the vacuum of ∼ 10 5 Torr. Monitoring of As-S-Se film thickness was conducted during the process of evaporation with the help of an interference technique and was found to be approximately 3 µm.
X-ray spectral analysis of the bulk substance and received films was completed before and after vacuum deposition and showed the composition to be As 37 S 20 Se 43 before deposition and As 38 S 20 Se 42 after deposition. In terms of measurement accuracy the composition has not changed.
Thermal evaporation was performed on a roomtemperature substrate. The films to be used in optical recording experiments were not previously annealed and had been kept in a dry, dark place at room temperature for no more than three days.
In order to calculate the speed of etching As-S-Se films, the prepared samples were exposed to a 405 nm laser beam, intensity 10 mW/cm 2 during the set time intervals. Following irradiation the treated films were placed in a transparent cuvette with a non-aqueous amine-base solution. The dissolution rate was measured by the dependence of diode laser beam (675 nm, 0.5 mW) interference on decreasing thickness of a thin film during wet dissolution process. The speed of dissolving the near-surface volume of As-S-Se film was calculated from the first period of the interference curve.
For recording a diffraction grating with different periods and exposure dose and the image-matrix optical set-up shown in Fig. 3a was used. It utilizes a diode laser (100 mW, 405 nm), whose cleared and expanded beam illuminates a transparent SVGA (800 × 600 pixels) spatial light modulator located behind Fourier lens. A spatial filter is positioned in the Fourier plane behind the SLM to block a zero order and the orders higher than both first orders. An image is displayed on the SLM and then reduced to a microscopic size by a second lens system and recorded in a photoresist plate placed on a XY-stage. Each separate matrix image displayed on the SLM contains a computer-generated hologram (CGH); in a simple case it may be a set of gratings with a grating pitch and orientation adjusted to the requirements. An important advantage of such set-ups is that these do not require vibration damping. In each experiment several image-matrix holograms were recorded on the same plate with As 38 S 20 Se 42 coating. Every test hologram of the 2 8 × 2 8 mm size consisted of a two-dimensional array of microscopic images 140×105 µm size (about 550 micro images in a hologram) as shown in Fig. 3b . Orientation of diffraction gratings and exposure time of each frame were the same throughout the process of one hologram recording and the intensity of laser radiation during the frame recording was 10 W/cm 2 .
After optical recording, selective etching of samples for receiving relief-phase holograms was made. The etching rate and depth were determined by monitoring local thickness of the unexposed part of the film using thin film interference. 
Results and discussion
Evaporated As-S-Se films undergo photostructural changes in the regions exposed to the light of higher energy higher than bandgap energy, which manifests as photodarkening (see Fig. 4 ). In the thermal deposition method the vapours are condensed on a substrate held at room temperature, the chemical reactions among the fragments of the original compounds are not quick enough and the high-temperature state is then partly or fully fixed and preserved. A microheterogeneous film, which is far from thermodynamic equilibrium, is then obtained. Exposure of such films can induce photochemical reactions such as polymerization or depolymerization among individual fragments of the film, changes of local structure, and, as a result, changes the chemical reactivity, e.g. dissolution rate in various alkaline and base organic solvents. After exposure, the samples were chemically treated in non-water amine-based organic solutions (negative etching) to form a relief pattern. When placed in an appropriate solvent, the exposed areas of the film are selectively protected from the etchant in proportion to the irradiation dose. The dependence of etching speed on exposure dose of such negative wet etching is shown in Fig. 5 , where the exposed parts of the samples are more resistant to the amine-based solvents than the unexposed regions. The highest selectivity of etching can be achieved after 2 J/cm 2 of exposure. A longer exposure slightly increases the etching ratio. Structural changes in amorphous chalcogenide films that take place under the influence of light lead to the change of their physical and chemical properties. Photo induced changes of the refractive index of = 0 15 − 0 45 are observed in these systems enabling the recording of holographic gratings on thin amorphous films with high diffraction efficiency of up to DE = 80% [6] . Phase holograms are of little interest as security holograms since they are technologically difficult to replicate in large quantities. The effect, whereby the speed with which amorphous As-S-Se films undergo chemical etching directly depends on exposure dose, allows for obtaining relief-phase holograms suitable for mass production by conventional technologies and widely used in applied holography. In order to record phase holograms, it is important to obtain a change of refractive index in the max-imums of interferential field across the total film volume. This is achieved by selecting a laser with wavelength situated near the middle of the section where the transmission spectrum rises (λ =∼ 630 nm for As 38 S 20 Se 42 films). In these conditions, radiation will be quite effective and will be evenly adsorbed across the total film volume. For having relief-phase holograms with the relief depth of ∼ 150 nm (λ/4 for wavelength 550 nm) photo induced structural changes in the film surface layer, ∼ 250 nm thick, i.e. the layer which actually undergoes chemical etching, are necessary. In such a case, it appears optimal to use a laser with wavelength corresponding to the section of the As-S-Se film spectrum with a low optic penetration (λ = 400 − 550 nm for As 38 S 20 Se 42 films) in order to minimize the exposure time; a lower penetration results in a quicker photo induced changes at the film surface. According to λ = 1/α λ average penetration depth of recording light with the wavelength λ into a film depends on the value of absorption coefficient (α) for this wavelength. Absorption coefficient for the wave of such length can be obtained from the film transmission spectrum
where T 0 is transmission of the film with thickness 0 for the wavelength λ. For the As 38 S 20 Se 42 films under study the assumed penetration depth is ∼ 280 nm for the wavelength λ = 405 nm. For obtaining reflective reliefphase holograms on As-S-Se films, lasers with wavelengths 400 − 650 nm can be used. However for a higher speed of recording image-matrix holograms it is preferable to employ short-wave range lasers. The smallest depth of structural changes corresponding to λ = 405 nm, is sufficient for obtaining relief-phase holograms with the required depth of micro-relief by means of selective etching. The profile of diffraction gratings was studied with the help of scanning electron microscope (SEM). The volume of diffraction efficiency (DE) was chosen as a major quality criterion for the diffraction gratings because it is the diffraction efficiency that determines visual brightness of holograms. The experimental curves showing dependence of diffraction efficiency on exposure dose for different grating frequences can be seen in Fig. 6 . The maximum values of diffraction efficiency are approximately equal for all grating frequences and reach 55 − 65% in exposures in the range 0 8 − 1 1 J/cm 2 . In the case of small exposure according to the dependence of the obtained grating efficiency on the period (Fig. 7) , it was determined that the maximum is reached at the frequency of 950 − 1000 mm −1 . Copying of surface-relief microstructures by replication techniques such as hot embossing is a key technology for the low-cost mass-production of security holograms, diffractive optical elements, and other optical elements with micrometer-size features. The original microstructured element is manufactured in the photoresist material by optical, electron-beam or other technology. It is then electroformed to a nickel shim used in replication process. The basic replication process involves copying of a surface-relief microstructure from a metal form onto a formable material such as thermoplastic or polymer. The quality of embossing process requires not only a maximum DE of initial relief-phase hologram; the other essential factor is the form of grating fringes. One can see in Fig. 8 that the best grating profile is with porosity 0 5, corresponding to the exposure dose slightly bigger than that needed for the maximum DE. Optimization of the relief formation process enables the production of embossed holograms with high values of DE because it is essential to manufacture the necessary depth and form of the relief profile.
One of the major advantages of image-matrix technology is that it allows for recording a huge amount of microstructures that differ from simple diffraction gratings. They can be used as additional security elements embedded in holograms. Fig. 9 shows some relief microstructures that were recorded on As-S-Se photoresist with the help of image-matrix technology. Structure of resist relief was investigated by using a scanning electron microscope. 
Conclusion
The designed and assembled optical device for imagematrix holographic recording has been successfully used for scientific purposes as well as for producing holograms for the protection and identification of industrial products and documents. The device has also been used for studying the characteristics of As-S-Se chalcogenide for reliefphase hologram recording. Lessening laser energy losses in case of an optimal optical scheme and reducing the frame size two times in comparison with the conventional (200×150 µm) one allowed for a considerable raise of illumination intensity compared to analogous devices employing organic photoresists. This, in its turn, made it possible to record holograms on chalcogenide films of low sensitivity without any considerable loss of rate. The device is effectively used for studying optical characteristics of chalcogenide films, as well as for producing high-quality security holograms with high diffraction efficiency (up to 65%). The present research leads to the conclusion that As-S-Se films used in 'image-matrix' holography present an excellent alternative to organic photoresists.
